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Super-K Results with Atm. v’s
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Neutrino Energy (GeV)

500

023, Am?39: confirmed by long 1000
baseline accelerator experiments
Ve appearance
oscillation pattern (L./E)
constrain sterile v’s, LIV, etc.
large statistics: many subdivisions
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Full 3-Flavour Description

~10 km

Sub-GeV p-like 0-dcy e

fixed 613 uncertainties  § 1
resonance magnitude .
depends on hierarchy angl

2-3 mixing (~'/2

appearance in IH)

19 sub samples: multi- (7

GeV e-like samples
divided 1nto v- and v-like
to check subdominant ~10,000 km
contribution v,— V¢

oscillation (e.g. vy, LIV)
|

Ratio to two-flavor
oscillations

Cosine Zenith Angle

|
S © © © © © © ©
N W A OO O N 00 O

o
-

Sub-GeV e-like 0-dcy e

| b6

f b5
—O¢p, = T2

.4

0-953 0 1
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Super-K/T2K Analysis (fixed 013)

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

20 20 20 .
- - Rejection of .
: d.p~60° due to
15} 15 15
excess of low
energy
10 = 10f 1 = 1op electron events " -
8% o0e.
. . . w— NOrmal
a5 os 9830+ == |nverted /
20% 20 20% . S
0% \ g . ea% et H - ,//,"/
" | P - N | - s . L e — L |
0001 0.002 0.003 0.004 %2 ) . 0.8 % 2 2 6
2 2 2 .
|AmZ, |, |AmZ, | MeV sin® 6,, - {radE'.Sr::l].lnce rtainty
weak preference for normal hierarchy (~10) 6

23 - Hierarchy Sensitivity NH True
< sin Ocp=0 allowed at 90% for both hierarchies :

Fit (517 dof) Oi3 693 Scp Am?x1073
SK (NH)

S

20

SK + T2Kv,, v,

 SK(IH)
SK+T2K (NH) .
1 SK+T2K (IH) | | bl ; 004 s o5 08 os

sin’0,,
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A %% Wrong Hierarchy Rejection
w

SK Alone
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CNO HH °B W Hep

Ee=8.6MeViin
: 7B e +7%

c0SOsun=0.95

8B solar v’s detected
via ES: v+e-—v+e-

~ 6 hits/MeV ; PEP #1.1%
calibrated by LINAC s +14%
and DT to 0.5% L ; +15%
10 MeV e |resol.| using | 1° : 8B +14%
vertex | 55cm | hit timing | 10 ¢
2

0
{ L] 500 1000 1500 2000

direction | 23° |hit pattern| 10
energy 14% #of h1ts 10 ¢

250008K I IV comblned 4504 day

I-IJ

Times (ns)

+17%

vents/bin

1 10
v Enerav in MeV

15000

------ : Background flux

10000

5000‘ 8B flux :
-2 344 + 0 034 [1 OﬁlcmZ/SI time variation; correlation

070806 -04 02 002 04 086 08 5 with solar activity

COSGDQH

energy spectrum

day/mnight flux asymmetry
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Oscillation and Day/nght

<@,

= best determines %
solar Am? (via

d/n effect)

contributes

¢
0‘0

T Solarve jl

significantly to  ;
solar angle :
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e
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N
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MSW Resonance

-solar+KamLAND best fit
s sin2912=0.308 % Y
" |Am2,1=7.50x10%eV2 | Borexino | Borexino (pep)

4~ (pp)

0613 all solar (pp)

0.7

: __| [Super-K+SNO
e - | (averaged) vacu;r§§ 5

- oscillation dominant e
0.4~ Borexino ("Be)

%80 4.0 50 60 7.0 80 9.010011012013.014.0150 0-3 GBI Homestake
, ~ EyinMeV " sin%012=0.311 +SK+SNO 1 ]
< extract survival probability as a 0.2 Am221=4.85x10%eV2  (CNO) Borexino (:B) -
function of neutrino energy from i :
recoil electron spectrum 0.1 i matter oscillation dominant
< SK: more precise below 7.5 MeV ]
R O T T Gl OV el Y N 0 e -
spectrum of new,{ §*F = " " - o L 1 e
. N : E in MeV
WIT triggered 33" T : v Enerav in Me
«t  LSK data (bkgd) 4 *t 7 = 8B is the best way to test MSW resonance
i 1 — -7 = only SK and SNO have small enough
U 1. o § uncertainties to probe the energy dependence
3 4 5 7 Reconstructed Kinetic Energy (MeV)

Electron Kinetic Enerav




Other Physics
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< search for proton decay (best R v e
S pretn L e ——————
limits 1n the WOﬂd) » mnmal SUS) . 0 0 L0 L | minimal SUSYSUE)

ST [ CoL L epedSUG)

< search for WIMPs (indirect) " L susvson oo i

. non-SUSY 50(10) Gzee -

< galactic supernova burst BRI R R
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[Beacom and Vagins, Phys. Rev. Lett., 93:171101, 2004].

GADZOOKNS!

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

e N =
Ve\‘g :‘ Possibility 1: =10% POSS|b|I|ty 2 >90%
@ N+P=d +y Nn+Gd —~8 MeV v
\e+ Gd /\y\ 2.2 MeV y-ray AT = ~30 usec .
2 > N i
/ Positron and gamma ray vertices within ~50cm.

v, can be identified by delayed coincidence]

Adding gadolinium to Super-K’s water would make neutrons visible, allowing:
<= Rapid discovery & measurement of the diffuse supernova v flux

—determine total and average SN v energy, rate of optically failed SN
<= High statistics measurement of the v’s from nuclear power reactors

— greatly improved precision of Am?;,
<= De-convolution of a galactic SN’s v signals — 2X pointing accuracy
<= Sensitivity to very late-time black hole formation following a galactic SN
<= Early warning of SN v burst (up to one week) from Si fusion
<= Proton decay bkgd reduction — about 5X, vital for future searches

|




Main 200-ton Water Tank with

227 50-cm PMT's + 13 HK tubes

(PMTS mstalled |n summer of 2013)
‘ , ,,

=Y
Bl

CHE IR 1w 2 JENGS

Sal! Selective Water+Gd & b
~ Filtration System it b
I (Molecular band pass) ,'. !

(2.5 tons/hr) """"
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Early this year EGADS will have prbvided the final demonstration
that gadolinium loading of Super-Kamiokande is safe and effective.

Total cost of Super-K Gd upgrade = ~ 10 million USD
Total hoped-for DOE contribution = ~1 million USD
Timescale = next three years for hara, after tha

\

for physics

A

T > R 2
’ \ SR

By April 2015 test results should be finalized. The likely path after that:

~June 2015 = Formal go/no go decision for Gd in Super-K
~Spring 2016 = Hardware upgrade of Super-K for gadolinium phase

~2017 = First Gd in Super-K
~2018 and beyond = Physi ing with Gd




Light Yield and n Capture Efficiency

80 SK 82.1%@ 15 m

70 ——
/ UDEAL: measure ~100m (full detector)

60 attenuation Iengths to few % light yield e

(just tank)
‘ ~_capture efficiency —e—

Beam splitter &
Steerer g

Ad]ustable
Mirrors

Measurements

SO
o o
\

at different
{ Pulsed laser heights
pointers and
30 professional

diodes

Light @ 15 meters in the 200-ton tank
Gd n capture efficiency in 200-ton tank

2 0 Integrating spheres
and UV enhanced
photodiodes

‘ Courtesy LLuis Marti, Kavli IPMU

100 200 300° 400 kg of Gdy(S04)3*8H20
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Super-Kamiokande Readiness

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

detector ran continuously since 2006; soon it
requires maintenance

need to fix small leak for “Gadolinium”-readiness
outer detector 13 U.S. responsibility

approximately ~200/1,885 outer detector PM'[s

need to be replaced

1yvek needs to be replaced
total cost 1s about ~$500,000

13




Super-Kamiokande Readiness

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

< outer detector needs also a new HV system

(current old HV supplies unsupported)
< already received $25,000
- need about $100,000

o

14




Hyper-Kamiokande

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

> 560 kton (hiducial) water Cherenkov detector

o

o

= launch of proto-collaboration 1 week ago

> MoU between IGRR and KEK to promote Hyper-K

o

o

> design report to be prepared within this year
< start budget request:

< master plan 2017 — roadmap 2017

< start construction 2018 — start operation 1n ~2025

15




Hyper-Kamiokande Physics

100 el 1K pverrro T
’:‘ ° ° ° g ' _: N 1T chm T ':
10 x larger nucleon decay sensitivity than Super-K! ...k povke [ e —
) 34 A | o LAr34ke ﬂype!_gﬁ%%g%%
<% . o LAr on f i
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O e S
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baseline neutrino beam g
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. 02010 2015 2020 2025 2030 2035 2040
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Hyper-Kamiokande Physics

LR L e L L L L L e L e L L L L L L L R L L L L L L L

< atmospheric neutrinos

D

< resolve mass hierarchy and 693 octant

/

neutrino astrophysics

< 200,000 neutrino interactions for GG supernova; detect bursts up to 2Mpc
with 50% efhciency

< solar neutrinos (day/night), distant SN neutrinos (830 neutrinos in 10 years)

< geophysics with neutrinos???

15¢p Uncertainty 1 E
c 30 : Qv > 0.9 1 ©
S [t mass hierarchy - = U9 e
. .. I - Q2 0.8¢ {1 o
% 25-sensitivity 251 8 7% =
c L © 0.7} | =
£ 20, 20 % 0.6} :%
& O F o : ;
.’;_:"-' 150 T2K10 150 = 0.5 IS
> | sin%0,5=0.511+0.055 | . | £ 0.4 |
S 10, 3 | 10030 203 1 4
? X : 0.2 4
zf S 20 520 0.1 .
0:|I N S ST NN T TN T I T M NN T TN A WA N 0:| L v v v b v v v by |
04 045 05 055 06 0.4 0.45 }_2;5“ 0.55 0.6
Sin0,, sin” 0,;°




Detector Design
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= baseline: 2x48m(W)x54m(H)x250m(L) (egg-shape cross section;
10 compartments of 56kton)

<= baseline: ~99,000 mner detector 50cm PM'Is (20% coverage),
25,000 veto detector 20cm PM'Is (~1%bo)

< two options explored for the detector location

3




Photosensors

Super-K PMT

| =\ Established

s  QF ~22%
: © CE ~80%

* Guaranteed (used ~20yrs)
* Expensive

\\\l\\\
SAPT

NN N

///7/7/
NANSNRANN
SIS
NN

LLLT7ATL

Venetian-Blind dynode
* various drift pass
* might miss a dynode

High-QE/CE PMT

. Same technology

High-QE Hybrid PD

“ QF ~30%
74 CE~93%

_ QE ~30%
CE ~95%

Avalanche diode

- lower risk T

|

Box-Line dynode
* unique drift pass

= high timing & 1PE Q resolution
* large acceptance 2 hlgh CE

13

three options considered

tested in EGADS facility

QE [%]

High-QE R3600

/]
x 1.4/

-----
........

{ Normal-QE R3600™.,

.
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-,'

e 8-inch HPD
High-QE R3600

Wave Length [nm]




50cm Diameter PD Performance

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

1PE timing distribution

1PE charge distribution

Super-K PMT |[F
50cm HQE B&L |j:
50cm HQE HPD (J:

10 15 20 25
Time (ns)

TPE Tresimon ot 51
FWHM (ns) 7.3
1PE Q resolution o/mean | 53%

Peak-to-Valley ratio 2.2

Much better performance than SK PMTs.

Super-K PMT
50cm HQE B&L
Ocm HQE HPD

3

Photoelectron [l

.1 SKPMT _B&LPMT _50cm HPD (20cm)

1.1 1.4 (1.1)
4.1 3.4 (3.3)
35% 16% (12%)

4.3 3.9 (5.2)

20

Multi-PE peaks

- HPD (w/ 5mmd AD)
1PE
- 2PE
- 3PE
4PE
S T TR B S
Photoelectron
1pE  SKPMT
B&L PMT
2PE
N - R N
Photoelectron

Multi-PE peaks clearly




US Plan for Hyper-Kamiokande

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Possible US Contributions to Hyper-Kamiokande:

< outer detector PM'] & electronics

S

- (Gd capable water system (developed 1n the U.S.)

Y

- calibration system (e.g. D'’ generators)

21




Summary

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

< Super-K 1s still doing cutting-edge neutrino
measurements

o

= Super-K 15 getting ready to add Gd

o

= Super-K 1s also the tar detector of 12K

Y

- mvestment 1n Hyper-Kamiokande, the next
ogeneration of water Cherenkov detectors

R




